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Abstract approved:
Field experiments were conducted in two different locations at Oregon, Corvallis
and Pendleton, to detect the effect of procarbazone- sodium residues on rotational crops
after a single application in winter wheat (Triticum aestivum L.). The Corvallis site was
divided into two studies, irrigated (CV-I) and non-irrigated (CV-D), while the Pendleton
site (Pend-D) was anon-irrigated field. In Corvallis, the soil type was a Woodburn silt
loam and in Pendleton, the soil was a Walla Walla silt loam. The rotational crops in the
irrigated field were sweet corn (Zea mays L.), spring canola (Brassicanapus L.), sugar
beets (Beta vulgaris L.), and snap beans (Phaseolus vulgaris L.). The rotational crops in
the non-irrigated fields were spring barley (Hordeum vulgar L.), spring oats (Avena
sativa L.), spring canola, green peas (Pisum sativum L.), and red lentils (Lens culinaris
Medik.), or alfalfa (Medicago sativa L.)
Soil residue effects of procarbazone-sodium varied among the rotational crops.
Sweet corn was the most sensitive irrigated crop, while snap bean was the most tolerant
irrigated crop. The non-irrigated crops were tolerant to procarbazone-sodium residues
with the exception of spring oat at the Pendleton site.Procarbazone-sodium dissipation was monitored over one year using a corn root 
bioassay. Procarbazone-sodium persisted longer in the Woodburn soil than in the Walla 
Walla soil. The lower soil pH and % OM in the Walla Walla soil may have caused a 
more rapid dissipation of procarbazone-sodium. Procarbazone-sodium was detected at a 
higher amount 180 days after application in CV-I compared to CV-D and Pend-D. This 
may be attributed to more procarbazone-sodium uptake by wheat during the growing 
season in CV-D and Pend-D since the wheat was allowed to mature in these plots and it 
was killed 20 days after herbicide application in CV -I. Procarbazone-sodium residues 
were not detected 360 days after application by the corn root bioassay. However, there 
was injury to sweet corn in CV-1 and to spring oat in Pend-D planted 16 and 13 months, 
respectively, after application. Procarbazone-Sodium Effect on Rotational Crops and Its Dissipation 
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Procarbazone-sodium is a sulfonamide herbicide produced by Bayer Corporation. 
It is proposed for use in winter wheat to control a spectrum of weed species, especially 
grasses. This herbicide is soil active and applied as a post-emergence herbicide in winter 
wheat (Hans Santel, personal communication, 1998). Procarbazone-sodium inhibits 
acetolactate synthase (ALS) an enzyme in the biosynthesis pathway of branched chain 
amino acid. Procarbazone-sodium shares a similar site of action and chemical structure 
with the sulfonylurea herbicides. Sulfonamides and sulfonylureas inhibit ALS and their 
structures consist of an aryl group, a bridge, and a nitrogen-containing heterocycle. 
However, procarbazone-sodium's bridge is not saturated which causes a negative charge 
on the central nitrogen. It is formulated as a sodium salt herbicide. Some sulfonylurea 
herbicides injure rotational crops but the residual effects of procarbazone-sodium on 
rotational crops are unknown (Carol Mallory-Smith, personal communication, 1996). 
For a herbicide to be effective, it should not disappear so quickly that weed 
control is not achieved nor persist beyond the desired time for weed control.  Factors 
such as chemical and physical properties of a herbicide, soil properties, climate, and 
agronomic practices influence a herbicide's persistence. Herbicides are lost from soil by 
microflora degradation, evaporation, photodecomposition, chemical breakdown, plant 2 
uptake, and leaching. Degradation is dependent on sorption because most degradation 
occurs in solution (Hurle and Walker, 1980). Herbicide sorption is determined by clay 
and organic matter content of soil and is affected by soil conditions such as pH, 
temperature, and moisture (Hurle and Walker, 1980). 
Crop rotation is a common practice in many farming areas. Persistence of 
herbicides in the soil and sensitivity of rotational crops to their residues influence damage 
to the rotational crops (Monks and Banks, 1991; Hurle and Walker, 1980). Many 
herbicides are known to persist in the soil and affect crops planted several months after 
herbicide application (Abernathy and Keeling, 1979; Brewster and Appleby, 1983; 
Monks and Banks, 1991; Burkhart and Fay, 1985 ). 
Factors that may affect the persistence of soil-active herbicides include herbicide 
properties, environmental characteristics, soil conditions, and farming practices. 
Properties of Herbicides 
Herbicide acidity (pKa) can affect the herbicide adsorption and dissipation 
processes. For instance, if the soil pH > pKa of the weak acid herbicides, such as 
sulfonamides and sulfonylureas, most of the herbicide molecules will be in ionic (anion, 
negative charge) (Fontaine et al, 1991; Beyer et al, 1987). These anionic molecules will 
not be adsorbed by the clay minerals in the soil because they are negatively charged, also. 
Thus, under this situation, the herbicide will be available in the soil solution and can be 
taken up by plant roots, or it might be subject to leaching, volatilization, or degradation 
(Hurle and Walker, 1980). In contrast, if the herbicide is a weak base and the soil pH < 
pKa of the herbicides, more ionic (cation, positive charge) forms of the herbicide 3 
molecules will be present in the soil solution. These molecular forms are soluble in water 
and at the same time can be adsorbed by the clay minerals which have negative charges 
(Calvet, 1980). 
Kinetics 
Different models have been developed and used to describe herbicide dissipation over 
time in soils. Most popular equations that are used for this purpose include first-order, 
Michaelis-Menten, zero and half order, two compartment model, bi-exponential, and 
mixed order models (Zimdahl, et al, 1994). The dissipation kinetics of sulfonylurea 
herbicides follow a first order model. For instance, amidosulfuron soil dissipation 
followed first-order dissipation kinetics in Saskatchewan (fine-silty and coarse-loamy) 
and Manitoba (fine-loamy) soils (Sagan et al, 1998). The hydrolysis of chlorsulfuron and 
metsulfuron-methyl (methyl 2-[[[[(4-methoxy-6-methyl-1,3,5-triazin-2-yl)amino] 
carbonyl]amino]sulfonylibenzoate)in acidic media was found to follow pseudo-first­
order kinetic (Hemmamda et al, 1994). 
Environmental Characteristics 
Usually, precise prediction of the herbicide's fate in the soil is not possible 
because the environment itself is very complex. There are, for example, many soil types 
which vary with respect to the percentage of sand, organic matter, metal content, pH, 
temperature, and moisture (Capri et al, 1995; Hurle and Walker, 1980; Smith and Aubin, 
1992). These soil characteristics influence the persistence of an herbicide so that an 4 
herbicide which has a potential to leach to the groundwater in one soil may not do so in 
another. With such great complexity, it is difficult to determine exactly what will happen 
to a particular herbicide once it has entered the soil. However, herbicides can be divided 
into general categories with regard to persistence and potential for leaching. Therefore, 
some idea can be provided as to where the released herbicide will be most likely found at 
the highest levels. Thus, it is possible to gather information that can help to decide what 
herbicides to use in which situations and what possible risks are being faced due to a 
particular use. 
Soil Properties And Conditions 
Dissipation includes all means which account for pesticide loss from the soil. 
Herbicide persistence in the soil indicates resistance to the dissipation pathways. Thus, 
soil conditions that affect a herbicide's dissipation from the soil will affect their 
persistence. 
Dissipation of chlorimuron (ethyl 2-[[[[(4-chloro-6-methoxy-2-pyrimidinyl) 
amino] carbonyl ]amino]sulfonyl]benzoate), a sulfonylurea, following a field application 
of the herbicide in soybean, was characterized by a rapid initial loss followed by a slower 
dissipation rate (Vencill and Banks, 1994). The dissipation rate varied by year and soil. 
The calculated dissipation of 50 % (DT50) of the chlorimuron was positively correlated 
with temperature 24 h after application. Chlorimuron DT50 was positively correlated 
with precipitation when regional rainfall was below normal and negatively correlated 
with precipitation 30 days after application when regional rainfall was above normal 
(Vencill and Banks, 1994). Most leachable herbicides move down after rain or irrigation, 5 
but later evaporation will dry the soil surface, and there can be an upward movement of 
water and herbicide. 
The effect of different soil conditions on the dissipation processes of the 
sulfonylurea and sulfonamide herbicides has been reported. Differences in chlorimuron 
persistence between years and locations were most often attributed to soil water and 
temperature. Soil pH differences between the two locations did not consistently affect 
chlorimuron persistence (Baughman et al, 1996). Soil adsorption of flumetsulam (N-(2, 
6-difluoropheny1)-5-methyl[1,2,4]triazolo[1,5-a]pyrimidine-2-sulfonamide), a 
sulfonamide, increased as soil pH and organic content increases (Fontaine et al, 1991). 
Therefore, its dissipation might be decreased due to less availability of the herbicide in 
the solution face of the soil where the most degradation processes take place (Hurle and 
Walker, 1980). 
Smith and Aubin (1992) found that the hydrolysis of the sulfonylurea herbicide 
[14C]amidosulfuron ((3-(4, 6-dimethoxyprymidin-2-y1)-1-(N-methyl-N-methylsulfonyl­
aminosulfonylurea)) was temperature and pH dependent and followed first-order kinetics. 
At 85% of field capacity, degradation of [14C]amidosulfuron approximated to first-order 
kinetics at soil temperatures of 10, 20, and 30 C, with half-life values ranging from 14 ± 
2 days in a sand loam soil incubated at 30 C to 231 ± 41 days in a clay soil at 10 C. In a 
clay soil at 20 C, herbicide degradation followed first-order kinetics and was directly 
correlated with soil moisture, with half-life values varying from 246 ± 21 days at 50% of 
field capacity to 63 ± 7 days at 100% field capacity. There was a negligible herbicide 
breakdown in air-dried soils incubated at 30 C for 70 days (Smith and Aubin, 1993). 6 
Farming Practices 
Many farmers are implementing conservation tillage practices to conserve water 
and soil resources (Hammel, 1996). These practices may modify the soil surface in ways 
that differentially affect dissipation of pesticides when compared to conventionally tilled 
fields. No-tillage (NT) and other conservation management practices enhance plant 
residue accumulation that can affect the herbicides' fate in soil (Reddy et al, 1995). 
Herbicide adsorption, desorption, and degradation can change with different planting 
practices. Therefore, different practices can influence the persistence of the herbicide 
residues in the soil. For example, chlorimuron was evaluated in long-term conventional 
tillage (CT) and NT plots (Reddy et al, 1995). Adsorption of chlorimuron was higher in 
NT compared with CT soil. The desorption was higher in the NT plots compared to the 
CT plots. Differences in the chlorimuron degradation pattern were minor between NT 
and CT soils, despite the fact that in general that NT soil had greater organic C, microbial 
populations, and soil enzyme activity compared to the CT soils. 
Baughman et al (1996) conducted field studies in Mississippi and in Tennessee 
for three years to determine the effect of tillage on chlorimuron persistence. The tillage 
system affected chlorimuron persistence only in the second year in Tennessee. 
Chlorimuron half-life was 10 to 31 d longer in both tillage systems in Mississippi in the 
first year compared to the second and third years, probably due to low soil moisture 
immediately after application in the first year. In Tennessee, chlorimuron half-life was 
71 d shorter in the no-till system in the first year compared to the second year. 
Differences did not occur between locations in the conventional tillage system in the 
same year. 7 
Residual Effect 
Persistence of herbicides in soil after the application in the present crop and 
sensitivity of rotational crops to these residues are very important factors that influence 
damage to the rotational crops (Monks and Banks, 1991; Hurle and Walker, 1980). 
Several herbicides have been found to persist in the soil and affect crops planted several 
months after herbicide application (Monks and Banks, 1991). Residues of chlorsulfuron 
{2-chloro-N-[[(4- methoxy-6-methy1-1,3,5-triazin-2-yl)amino]carbonyl]benzene­
sulfonamide} applied at rate of 35 g ai/ha in winter wheat (Triticum aestivum L.) injured 
snap beans (Phaseolus vulgaris L.), alfalfa (Medicago sativa L.), sweet corn (Zea mays 
L.), Italian ryegrass (Lolium multiflorum Lam.), sugar beets (Beta vulgaris L.), and rape 
(Brassica napus L.) (Brewster and Appleby, 1983). However, the potential for herbicide 
injury to rotational crops may change from season to season depending upon 
environmental conditions as discussed previously. 
Summary 
Herbicide persistence in soil is measured as the time it takes for half of the initial 
amount of an herbicide to break down or to disappear, so herbicides can be classified 
based on half-life in the soil as low persistence (half-life < 30 days), moderate persistence 
(half-life 30-100 days), or high persistence (half-life >100 days) (Hurle and Walker, 
1980). 
The release of pesticides into the environment may be followed by a very 
complex series of events which can transport the herbicide through the air or water, into 8 
the ground, or even into living organisms. The most important route of distribution and 
the extent of distribution will differ for each herbicide. It will depend on the formulation 
of the herbicide, how and when it is applied, and soil and environmental conditions. 
Herbicides should not persist long enough following application to impact the 
rotational crops. Therefore, to design a rotational crop plan, one should consider the 
sensitivity of the crops to the available herbicide residues in the soil. 
The objectives of these studies were to determine the impact of procarbazone­
sodium residues on rotational crops and its dissipation over time. 9 
CHAPTER 2
 
PROCARBAZONE-SODIUM EFFECT ON ROTATIONAL CROPS
 
Khalid Faraj A1- Sayagh 10 
Abstract 
Experiments were conducted at two sites in Oregon, Corvallis and Pendleton, to 
study the effect of procarbazone-sodium on rotational crops after a single application on 
winter wheat. Procarbazone-sodium was applied at three rates, 0.022, 0.044, and 0.089 
kg ai/ha. The applications were made February 25 and March 21, 1997, at Corvallis and 
Pendleton, respectively. The Corvallis site was divided into two studies, irrigated and 
non-irrigated, while the Pendleton site was a non-irrigated field. The irrigated crops were 
sweet corn, spring canola, sugar beets, and snap beans. The non-irrigated crops were 
spring barley, spring oat, spring canola, green peas, red lentils, and alfalfa. 
Procarbazone-sodium at a rate of 0.022 kg/ha reduced biomass and yield of corn 
seeded three months after application. Procarbazone-sodium at the rates of 0.044 and 
0.089 caused injury to corn, spring canola, and sugar beets seeded three months after 
application. However, sugar beet yield was not reduced with the 0.044 kg/ha rate of 
procarbazone-sodium. 0.089 kg/ha reduced the biomass but not the yield of snap beans 
seeded three months after application. The procarabazone-sodium at 0.089 kg/ha reduced 
biomass and yield of corn planted 16 months after application, while the rate of 0.044 
kg/ha caused only biomass reduction. At the Corvallis non-irrigated sites, none of the 
crops planted 13 months after application showed sensitivity to procarbazone-sodium 
residues. However at the Pendleton site, biomass and yield of spring oat planted 13 
months after application were reduced by procarbazone-sodium residues at the 
application rates of 0.044 and 0.089 kg/ha. 11 
Introduction 
Persistence of herbicides in the soil and sensitivity of rotational crops to their 
residues are very important factors that influence damage to rotational crops (Monks and 
Banks, 1991; Hurle and Walker, 1980). Many herbicides persist in the soil and can affect 
crops planted several months after herbicide application (Abernathy and Keeling, 1979; 
Brewster and Appleby, 1983; Monks and Banks, 1991). For a herbicide to be effective, 
ideally, it should not disappear so quickly that weed control is not achieved, but should 
not persist long enough to impact the rotational crops. To select a herbicide, one must 
consider the herbicide persistence and the sensitivity of rotational crops. 
Residues of chlorsulfuron {2-chloro-N-[[(4- methoxy-6-methyl-1,3,5-triazin-2­
yDamino]carbonyllbenzene-sulfonamide} applied at a rate of 35 g ai/ha in winter wheat 
(Triticum aestivum L.) injured snap beans (Phaseolus vulgaris L.), alfalfa (Medicago 
sativa L.), sweet corn (Zea mays L.), and Italian ryegrass (Lolium multiflorum Lam.) 
seeded 80 and 180 d after application, and sugar beets (Beta vulgaris L.) and rape 
(Brassica napus L.) seeded 140 and 275 d after application (Brewster and Appleby, 
1983). Burkhart and Fay (1985) reported that chlorsulfuron residues remained in soil 
with low moisture (precipitation of 50 mm/month) and high soil pH (7.8), thus restricting 
crop rotation options in Montana. Similar to chlorsulfuron, triasulfuron (2-(2­
chloroethoxy)-N-[[(4-methoxy-6-methy1-1,3,5-triazin-2-yDamino] carbonyibenzene­
sulfonamide) residues in a Montana soil (clay loam with 3.2% OM and pH=7.7) caused 
biomass reduction of sugar beet and alfalfa one year after application and reduced lentil 
biomass three years after application (Carda et al, 1991). 12 
Herbicides from the same chemical family may have different soil persistence. 
For example, thifensulfuron (methyl 3-[[[[(4-methoxy-6-methyl-1,3-5-triazine-2­
yDamino]carbonyl]amino]sulfonyl]-2-thiophenecarboxylate) has a very short half-life in 
soil (Brown et al, 1987) while chlorsulfuron and triasulfuron have a longer half-life 
(James et al, 1988), and all are from the sulfonylurea family. 
Procarbazone-sodium is a herbicide produced by Bayer Corporation. 
Procarbazone-sodium belongs to the sulfonamide herbicide chemical class. Its site of 
action is the enzyme acetolactate synthase (ALS) in the biosynthetic pathway for 
branched chain amino acids. Its structures as a typical sulfonamide herbicide is similar to 
sulfonylurea consist of an aryl group, a bridge, and a nitrogen-containing heterocycle. Its 
bridge is not saturated which causes a negative charge on the central nitrogen. It is 
formulated as a sodium salt herbicide. This herbicide is a soil active, post-emergence 
herbicide for use in winter wheat. Procarbazone-sodium is most active on grass weeds, 
especially those belonging to the Bromus family and will control some broadleaf weeds. 
There are no reports of the effect of procarbazone-sodium on rotational crops. However, 
it is similar to the sulfonylurea herbicides that also inhibit ALS, have soil persistence, and 
are used in winter wheat production for control of grass weeds. 
The objective of this study was to determine the impact of procarbazone-sodium 
residues on rotational crops using a field bioassay. 13 
Materials and Methods 
Field experiments were conducted at two Oregon sites. The first site was at 
Hyslop Field Laboratory at Corvallis. At this site, the field was divided into two studies, 
one was irrigated and the other was not irrigated. The second site at the Columbia Basin 
Agricultural Research Center at Pendleton was not irrigated. Therefore, the effect of 
procarbazone-sodium residues on different rotational crops could be studied under two 
different farming practices (Corvallis-Irrigated field [CV-I] and Corvallis-Dry field [CV­
D]) under the same environment. Moreover, the residue effect could be compared at two 
different environments under dry conditions (CV-D field and Pendleton-Dry field [Pend-
D]). Soil characteristics of each site are described in Table 2.1. 
Table 2.1. Soil characteristics at the experimental sites. 
Site  Soil  Soil  Silt  Sand  Clay  OM  pH  CEC 
Series  Texture  %  %  %  %  meq/100g 
Corvallis  Woodburn  Silt Loam  69  9  22  2.38  6.1  15.1 
Pendleton  Walla Walla  Silt Loam  68  16  16  1.93  5.7  16.4 
Average temperature and precipitation data for the study sites were obtained from 
the climate service at Oregon State University (Figures 2.1 and 2.2). CV-I was sprinkler-
irrigated at a rate of approximately 150 mm/month from May 17 to August 10, 1997, and 
from May 5 to July 25, 1998. 
Treatments included procarbazone-sodium at three rates (0.022, 0.044, and 0.089 
kg ai/ha), triasulfuron at 0.018 kg ai/ha; sulfosulfuron (1-(4,6-dimethoxypyrimidin-2-y1)­
3-[(2-ethanesulfonyl-imidazo[1,2-a]pyridine-3-yl)sulfonylurea) at 0.036 kg ai/ha; and a 14 
control treatment (spray solution, water only, with no herbicide). Triasulfuron and 
sulfosulfuron were used for comparisons because both herbicides are used in winter 
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Figure 2.2. Average monthly precipitation (mm) during the study period. 15 
In the Corvallis studies, the herbicides were applied using a backpack CO2 
sprayer calibrated to deliver 170 L/ha at 30 psi. In Pendleton, the herbicides were applied 
with a tractor sprayer calibrated to deliver 136 L/ha at 29 psi. No surfactant was included 
in any treatment. The herbicide were applied to wheat at the 4 to 6 leaf stage on February 
25 and March 21, 1997, at Corvallis and Pendleton, respectively (Table 2.3). 
Herbicide treatments were arranged in a randomized complete block design 
(RCB) with four replications. The plot size at CV-I was 7.2 by 19.5 m, CV-D was 7.2 by 
24 m, and Pend-D was 3.6 by 12 m. Strips of the rotational crops were planted randomly 
across the herbicide treatments in each replication. The width of each crop was 4.8 m for 
CV-I and CV-D, and 3.4 m for Pend-D. Therefore, the study became a strip-plot design 
with four replications. 
Winter wheat (`Rhohde' in Pendleton and 'Stephens' in Corvallis) was planted in 
October 1996 at both sites (Table 2.3). The rotational crops for CV-I were sweet corn, 
spring canola (Brassica napus L.), sugar beets, and snap beans. The rotational crops for 
CV-D were spring barley (Hordeum vulgare L.), spring oats (Avena sativa L.), spring 
canola, alfalfa, and green peas (Pisum sativum L.). The rotational crops for Pend-D were 
spring barley, spring oats, spring canola, red lentils (Lens culinaris Medik.), and green 
peas (Table 2.2.) 
In the CV-I study, the wheat was killed with glyphosate (1.1 kg ae/ha) and the soil 
was rototilled to a depth of 8 to 10 cm. Wheat was planted, sprayed, and killed to 
simulate a practice that vegetable, row-crop growers often follow in the Willamette 
Valley. Growers plant winter wheat as a cover crop, if they receive a contract for a 
vegetable crop, they will take out the wheat and plant the vegetable crops. If they do not 16 
receive a contract, they will leave the wheat and harvest it. This short interval from 
herbicide application to crop planting is a worst case scenario for herbicide residue injury 
to rotational crops. 
Table 2.2. Crop, variety, seeding rate, row spacing, and seeding depth of the 
rotational crops. 
Crop  Variety  Rate  Row  Depth 
(kg/ha)  (cm)  (cm) 
Sweet corn  Jubilee  79  60  2.25 
Sugar beets  Giant Western  2.7  60  2.25 
Snap beans  Blue Lake  112  60  2.25 
Canola  Spring Field  8  15  0.63 
Peas  Nomad  214  30  2.25 
Lentils  Crimson  40  15  0.63 
Alfalfa  Fortress  13  15  0.63 
Barley  Baronesse  88  15  2.25 
Oats  Monida  72  15  2.25 
The soil was then fertilized with 90 N, 90, P, and 90 K kg/ha. Chlorpyrifos (o,o­
diethyl o-(3,5,6-trichloro-2-pyridinyl) phosphorothioate) was applied at rate of 0.499 ai 
kg/ha and incorporated into the soil before planting the rotation crops to protect the roots 
from insects, especially the sweet corn. 17 
Plots were kept weed-free by hand-weeding throughout the studies. Seedling dry 
weight and yield were collected from each plot. Crop seedlings were harvested 35 d after 
seeding at the soil surface from 1.8 m sections of two rows in the center of each plot for 
all crops. Seedlings were oven-dried, and the dry weight was measured. At maturity, 
sugar beet roots and crop seed were harvested from 1.8 m two central rows in each plot 
for CV-I crops. The CV-D and Pend-D crops were harvested from 1.5 by 4.8 m in the 
center of each plot with a small plot combine. 
Table 2.3. Field operation schedule. 
Operation  CV-I  CV-D  Pend-D 
Wheat planted  October 25, 1996  October 25, 1996  October 25, 1996 
Herbicides applied  Feb. 25, 1997  Feb. 25, 1997  March 21, 1997 
Wheat killed  March 16, 1997  ...  ... 
Wheat harvested  ...  July 25, 1997  July 10, 1997 
Rotation crops  May 17, 1997 (1)*  April 16, 1998  March 30, 1998 
planted 
May 5, 1998 (2)* 
Biomass sampled  June 20, 1997 (1)*  June 27, 1998  June 16, 1998 
June 15, 1998 (2)* 
Rotation crop  Aug. 10, 1997 (1)*  Aug. 5, 1998  July 14-24, 1998 
harvested 
July 25, 1998 (2)*
 
(1)* and (2)* denotes first and second operations for the same crops, respectively.
 18 
After harvesting the crops, the soil was again rototilled to a depth of 8 to 10 cm 
and fertilized with 45 N, 45 P, and 45 K kg/ha. Barley ('Baronesse') was planted as a 
cover crop at 124 kg/ha. Before planting the same rotational crops, the barley was killed 
with glyphosate, and the same soil operations were followed as in the previous year 
(Table 2.3). However, the crops were randomly assigned in each replication so that a 
single crop was not necessarily planted where it was planted the previous year. 
In the non-irrigated studies, after harvesting the wheat, the fields were rototilled to 
a depth of 8 to 10 cm and left fallow until the rotational crops were planted. They were 
fertilized with 18 N, 22 P, 16 S kg/ha and planted with the rotational crops (Table 2.3). 
Because there were four crops in CV-I and five crops in each CV-D and Pend-D, 
the degrees of freedom were different for the sites in the analysis of variance (Table 2.4). 
Fisher's Protected Least Significant Difference (FPLD) was used as a mean separation 
test for herbicide treatment effects on the rotational crops. 
Table 2.4. Degrees of freedom of the analysis of 
variance of the study sites. 
Source  df (CV-I)  df (CV-D & Pend-D) 
Total  95  119 
Rep 3  3 
A* 5  5
 
Error(a)  15  15
 
B* 3  4
 
Error(b)  9  12
 
AB 15  20 
Error(ab)  45  60 
A* = Herbicide factor; B* = Crop factor. 19 
Results and Discussion 
Irrigated Field (CV-I) 
Procarbazone-sodium residues reduced the biomass of beans, spring canola, corn, 
and sugar beets seeded three months after the initial application (Table 2.5). Beans were 
injured by the residues of the highest rate of procarbazone-sodium and triasulfuron. 
Spring canola and sugar beets were sensitive to the residues of the two higher rates of 
procarbazone-sodium as well as to triasulfuron and sulfosulfuron. Sweet corn was 
sensitive to procarbazone-sodium at all rates applied and to triasulfuron and 
sulfosulfuron. 
Yield data show that beans recovered from the initial injury caused by 
procarbazone-sodium but not from triasulfuron. Spring canola recovered from the injury 
caused by triasulfuron and sulfosulfuron but not from procarbazone-sodium. Sweet corn 
did not recover from the injury caused by any of the herbicide treatments. Sugar beets 
recovered from the initial injury caused by procarbazone-sodium at 0.044 kg/ha (Table 
2.5). 
Sweet corn was the only crop affected by triasulfuron residues 16 months after the 
initial application (Table 2.6). Sixteen months after the initial application, the residual 
level of the recommended rate (0.044 kg ai/ha) and the highest rate (0.089 kg ai/ha) of 
procarbazone-sodium and sulfosulfuron caused injury to corn seedlings (Table 2.6). The 
corn yield showed recovery only from the recommended rate of procarbazone-sodium. 
Canola seeded 16 months after the initial herbicide applications showed no significant 20 
injury from soil residues of the herbicide treatments. Sugar beet exhibited a similar 
response except that the yield was reduced by the sulfosulfuron residue. 
Table 2.5. Effect of herbicide residues on seedling dry weight and yield of rotational 
crops seeded three months after application at CV-I. 
Data  Crop  Control  Procarbazone- Triasul- Sulfo- LSD 
sodium  furon  sulfuron  at p 
0.022 0.044	  0.089  0.018  0.036  0.05 
kg ai/ha  kg ai/ha  kg ai/ha 




  Canola  100a  79ab  28c  2d  58b  67b  25 
as 
% of  Corn  100a  31b  8cd  ld  23bc  llcd  18 
control 
S. Beets  100a  78a  47b  19c  15c  21c  23 
Yield  Beans  100a  104a  104a  99a  66b  105a  15 
as 
% of  Canola  100ab  95b  45c  2.3d  92b  113a  17 
control 
Corn  100a  32b  6c  Oc  40b  3c  22 
S. Beets  100a  93ab  98a  77b  45c  29c  18 
*The same letter within a row denotes no significant difference at 130.05. 21 
Table 2.6. Effect of herbicide residues on seedling dry weight and yield of rotational 
crops seeded 16 months after application at CV-I. 
Data  Crop  Control  Procarbazone- Triasul- Sulfo- LSD 
sodium  furon  sulfuron  at p__ 
0.022 0.044 0.089  0.018  0.036  0.05 
kg ai/ha  kg ai/ha  kg ai/ha 





  Canola  100a  89a  84a  98a  88a  104a  40 
as
 
% of  Corn  100a  80ab  69b  26c  78b  26c  22
 
control 
S. Beets  100a  96a  62a  78a  62a  42a  61 
Yield	  Beans  100a  102a  103a  97a  101a  110a  23 
as 
% of  Canola  100ab  95ab  77b  86ab  102a  88ab  24 
control 
Corn  100a  87ab  82ab  32c  89ab  75b  20 
S. Beets  100a  92ab  86ab  95a  117a  56b  39 
*The same letter within a row denotes no significant difference at p <_0.05. 
Dry Fields (CV-D and Pend-D) 
None of herbicide residues caused injury to the rotational crops seeded 13 months 
after herbicide application at CV-D (Table 2.7). The residue of the highest rate (0.089 
kg/ha) of procarbazone-sodium in the Walla Walla soil reduced oat biomass and yield 
(Table 2.8) while the residue in the Woodburn soil caused only slight visual injury (Data 
not shown). The recommended rate (0.044 kg/ha) caused only yield reduction of the 
spring oat at Pend-D (Table 2.8). 22 
Table 2.7. Effect of herbicide residues on seedling dry weight and yield of rotational 
crops seeded 13 months after application at CV-D. 
Data  Crop  Control  Procarbazone- Triasulfuron  Sulfo- LSD 
sodium  0.018  sulfuron  at p_ 
0.022  0.044  0.089  kg ai/ha  0.036  0.05 
kg ai/ha  kg ai/ha 
Seedling  Alfalfa  100b*  125b  176ab  156ab  212a  104b  83 
dry 
weight  Barley  100a  99a  112a  116a  115a  99a  27 
as 
% of  Canola  100a  83a  80a  85a  101a  89a  27 
control 
Oats  100a  110a  95a  100a  107a  97a  22 
Peas  100a  101a  98a  83a  95a  97a  21 
Yield  Alfalfa  100b  112ab  143ab  155ab  164a  103b  56 
as 
% of  Barley  100b  111a  110ab  110ab  110ab  106ab  10 
control 
Canola  100a  110a  109a  109a  105a  102a  14 
Oats  100a  103a  98a  92a  102a  102a  13 
Peas  100a  102a  127a  110a  123a  110a  40 
*The same letter within a row denotes no significant difference at p50.05. 
Barley yield was significantly reduced by the sulfosulfuron residue, lentil yield 
was reduced by triasulfuron residue. Different environmental conditions especially the 
precipitation level that was higher in CV-D compared to Pend-D (Figure 2.2) may have 
caused a faster dissipation of triasulfuron and sulfosulfuron in the Woodburn soil 
compared to the Walla Walla soil. Sulfonylurea herbicides dissipation increases as soil 
moisture increases (Beyer et al, 1988). Sulfosulfuron residues at Pendleton reduced the 
yield of barley, but not other crops. 23 
Table 2.8. Effect of herbicide residues on seedling dry weight and yield of rotational 
crops seeded 13 months after application at Pend-D. 
Data  Crop  Control  Procarbazone- Triasulfuron  Sulfosul- LSD 
Sodium  0.018  furon  at p 
0.02  0.04  0.08  kg ai/ha  0.036  0.05 
kg ai/ha  kg ai/ha 
Seedling  Lentils  100a*  106a  104a  75a  72a  107a  35 
dry 
weight  Barley  100a  108a  99a  98a  107a  94a  16 
as 
% of  Canola  100a  101a  97a  104a  81a  118a  50 
control 
Oats  100a  98a  93a  64b  103a  101a  12 
Peas  100a  94a  85a  89a  87a  93a  20 
Yield  Lentils  100a  84ab  79ab  77ab  57b  85a  36 
as 
% of  Barley  100a  88ab  96ab  87ab  90ab  85b  13 
control 
Canola  100a  156a  108a  99a  112a  113a  64 
Oats  100a  94a  77b  53c  95a  99a  17 
Peas  100a  111a  101a  109a  105a  99a  22 
*The same letter within a row denotes no significant difference at p_.0.05. 
Similar studies, conducted in Pendleton by other researchers, showed that 
sulfosulfuron reduced the biomass of barley, canola, and peas but not lentils (Shinn et al, 
1998). The authors also observed yield reduction on barley and peas after sulfosulfuron 
treatment. Similar herbicide treatments showed no effect on the rotational crops at 
Moscow and Endicott. Pendleton had the lowest precipitation, % OM and the highest 
soil pH, which may have caused a slower dissipation rate of sulfosulfuron at Pendleton 
compared to Moscow and Endicott. 24 
Within the precision level in our study, we found that procarbazone-sodium 
residues caused no injury to snap bean yield when seeded three months after application. 
Canola and sugar beet were not injured when they were planted in the second growing 
season (16 months after a single application) by procarbazone-sodium. Sweet corn was 
the most sensitive crop. Under non-irrigated practices, procarbazone-sodium residues in 
the Woodburn soil were found to be safe to tested rotational crops. 
In the Walla Walla soil, the residue level of procarbazone-sodium was found to 
reduce the biomass and yield of spring oats. More studies are needed to determine which 
factors affect the dissipation of procarbazone-sodium and its persistence in the Woodburn 
and the Walla Walla soils to a level that affects sensitive crops. 25 
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Abstract 
Experiments were conducted to determine soil dissipation of procarbazone­
sodium. Procarbazone-sodium was applied at three rates (0.022, 0.04, and 0.089 kg 
ai/ha) to winter wheat (Triticum aestivum L.) at two Oregon sites, Corvallis (Woodburn 
soil) and Pendleton (Walla Walla soil). The Corvallis site was divided into two studies, 
irrigated (CV-I) and non-irrigated (CV-D). After imposing the herbicide treatments, the 
wheat was allowed to grow until harvest at Pendleton (Pend-D) and in one study at 
Corvallis site (CV-D). In the irrigated study (CV-I), the wheat was killed with 
glyphosate 20 d after the procarbazone-sodium application. Procarbazone-sodium 
dissipation was monitored over time using a corn root bioassay to measure root growth in 
response to the herbicide residues. The half-lives of procarbazone-sodium at the rates of 
0.044 and 0.089 kg/ha were similar within a study site. Procarbazone-sodium at these 
rates persisted longer in Woodburn soil with half-lives of 86- and 89-d in CV-I and 75­
and 76-d in CV-D compared to the Walla Walla soil where the half-lives were 49- and 
55-d for the 0.044 and 0.089 kg/ha rates, respectively. The half-life of the 0.022 kg/ha 
rate in the Woodburn soil was 58 d in CV-I and 64 d in CV-D and was 44 d in The Walla 
Walla soil. In the Walla Walla soil, the half-life of the 0.022 kg/ha rate was not 
significantly different from the other rates. The lower soil pH and % OM in the Walla 
Walla soil may have caused a more rapid initial dissipation of procarbazone-sodium. 
Procarbazone-sodium was detected at a higher amount 180 d after application in CV-I 
compared to CV-D and Pend-D. This may be attributed to more procarbazone-sodium 
uptake by wheat during the growing season in CV-D and Pend-D whereas wheat was 
killed 20 d after application in CV-I. 28 
Introduction 
The ideal soil-active herbicide should persist long enough in the soil to maintain 
weed control in the present crop but not so long as to allow injury to rotational crops. 
Herbicides are lost from the soil by microflora degradation, evaporation, 
photodecomposition, chemical breakdown, plant uptake, and leaching. Degradation is 
dependent on sorption because most degradation occurs in solution (Hurle and Walker, 
1980). Herbicide sorption is determined by the clay and organic matter content of soil 
and is affected by soil conditions such as pH, temperature, and moisture. Factors such as 
the chemical and physical properties of herbicides (Tinsley, 1979), formulation (Hurle 
and Walker, 1980), soil properties (Baughman et al, 1996; Capri et al, 1995; Curran et al, 
1992b; Smith and Aubin, 1992), climate (Vencill and Banks, 1994), and agronomic 
practices (Curran et al, 1992a; Reddy et al, 1995; Brown et al, 1996; Baughman et al, 
1996) determine herbicide persistence in soils. Herbicide persistence in soil is measured 
as the time it takes for half of the initial amount of an herbicide to break down or to 
disappear. Therefore, herbicides can be classified based on their persistence in the soil as 
low persistence (half-life < 30 days), moderate persistence (half-life 30-100 days), and 
high persistence (half-life >100 days) (Hurle and Walker, 1980). 
Despite the differences in dissipation time, the degradation of sulfonylurea 
herbicides in soil generally results from chemical hydrolysis and microbial breakdown 
(Brown et al, 1987; James et al, 1988). These degradation processes are dependent on 
soil pH, soil texture, moisture, and temperature, which vary widely among soils (Beyer et 
al, 1987). 29 
A herbicide bioassay is the measure of the response of a living organism to the 
presence of an herbicide in a given substrate (Stantelmann, 1977). According to 
Stantelmann (1977), bioassays are the best method to detect biological activity of 
herbicides because the detected amount by a chemical means does not necessarily reflect 
its bioactivity, while chemical and physical procedures are only useful for identifying 
substances. Bioassays also can be used to study the herbicide persistence and movement 
in soils at an effective biological level. 
Procarbazone-sodium is a sulfonamide herbicide that inhibits acetolactate 
synthase (ALS) as do the sulfonylurea, imidazolinones, and triazolopyrimidines 
herbicides (Hans Santel, personal communication, 1998). Procarbazone-sodium is a low 
pKa, weak acid herbicide, that is formulated as a dry flowable, sodium salt. The 
compound is highly water soluble; therefore, it is readily mobile and becomes 
bioavailable in soils. Microbial degradation is the main factor in the dissipation process 
of procarbazone-sodium (Hans Santel, personal communication, 1998). Also, chemical 
hydrolysis of the compound is possible, while no photodecomposition or vaporization is 
involved in the dissipation of procarbazone-sodium from the soil. Procarbazone-sodium 
can be adsorbed by soil with high organic matter due to the partitioning of the compound 
molecules into the soil's organic matter. As soil pH decreases, the dissipation of 
procarbazone-sodium increases. Laboratory studies estimated the half-life at about 100 
days in most U.S.A. soils, while field studies showed the half-life was between 25 to 100 
days. The objective of this study was to detect procarbazone-sodium dissipation in two 
Oregon soils during one year following a single application. 30 
Materials and Methods 
Field experiments were conducted at two Oregon sites. The first site was at the 
Hyslop Field Laboratory at Corvallis. At this site, the field was divided into two studies: 
one was irrigated, and the other was not irrigated. The second site at the Columbia Basin 
Agricultural Research Center at Pendleton was not irrigated. Soil characteristics for each 
soil are presented in Table 3.1. 
Table 3.1. Soil characteristics at the experimental sites. 
Site  Soil  Soil  Silt  Sand  Clay  OM  pH  CEC 
Name  Texture  %  %  %  %  meq/100g 
Corvallis  Woodburn  Silt Loam  69  9  22  2.38  6.1  15.1 
Pendleton  Walla Walla  Silt Loam  68  16  16  1.93  5.7  16.4 
Average temperature and precipitation data of the studied sites were obtained 
from the climate service at Oregon State University (Figures 3.1 and 3.2).  Irrigated 
crops were overhead sprinkler-irrigated at a rate of approximately 150 mm/month from 
May 17 to August 10, 1997, and from May 5 to July 25, 1998. 
The study was designed as a randomized complete block (RCB) with four 
replications. After initiating this design, strips of rotational crops were added in the same 
sites to study procarbazone-sodium effects on rotational crops (Chapter 2). Since the 
effect of the rotational crops on the dissipation process of procarbazone-sodium was not 
included as a factor in this study, the design was considered as a RCB. The plot size at 
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Figure 3.1. Average monthly soil temperature (C) during the study period. 
Figure 3.2. Average monthly precipitation (mm) during the study period. 
Herbicide treatments were procarbazone-sodium at three rates (0.022, 0.044, and 
0.089 kg ai/ha), triasulfuron (2-(2-chloroethoxy)-N-[[(4-methoxy-6-methyl-1,3,5­
triazine-2y1)amino]carbonyl]benzenesulfonamide) at 0.018 kg ai/ha, sulfosulfuron (1­
(4,6-dimethoxypyrimidin-2-y1)-3-[(2-ethanesulfonyl-imidazon[1,2-a]pyridine-3­
yl)sulfonylurea) at 0.036 kg ai/ha. At the Corvallis location, the herbicides were applied 
on February 25, 1997, with a backpack CO2 sprayer calibrated to deliver 170 L/ha at 30 32 
psi. At the Pendleton location, the herbicides were applied on March 21, 1997, with a 
tractor sprayer calibrated to deliver 136 L/ha at 29 psi. The herbicide treatments were 
applied post-emergence to winter wheat at the 4 to 6 leaf seedling stage. The wheat in 
CV-I was killed with glyphosate (N-(phosphonomethyl)glycine) on March 16, 1997 to 
simulate a practice that vegetable, row-crop growers often follow in the Willamette 
Valley. Growers plant winter wheat as a cover crop, if they receive a contract for a 
vegetable crop they will take out the wheat and plant the vegetable crop. If they do not 
receive a contract, they will leave the wheat and harvest the grain. This short time from 
herbicide application to crop planting is a worse case scenario for herbicide residue injury 
to rotational crops. The soil was rototilled at a depth of 8- to 10-cm and planted with 
rotational crops on May 17, 1997. In CV-D and Pend-D, the wheat was harvested on 
July 25 and 10, 1997, respectively, and planted with rotational crops on April 16 and 
March 30, 1998, respectively. 
Following application of the herbicide treatments, soil was sampled from each 
plot. The sampling schedule in Corvallis was one day before application in order to test 
the uniformity of the soil in each site, immediately following application, and at 15, 30, 
45, 90, 180, and 360 days after application (DAA). The same sampling schedule was 
followed at the Pendleton site with the exception that the 15 and 45 DAA were not taken. 
Since these samples were not taken from the Pendleton site and had no effect on the 
general dissipation pattern and half-life values, the corresponding data from the Corvallis 
site are not presented. 
At each sampling time, 3.5-cm diameter soil cores were taken from each plot to a 
depth of 20 cm. Sixteen cores per plot were collected from CV-I and Pend-D while 20 33 
cores per plot were taken from CV-D. The difference in sample numbers was due to 
different plot size among the sites, so representative soil samples were collected from 
each plot. The soil cores were taken randomly from each plot about 2.2 m from the plot 
edge and composited in a plastic bag. The soil samples were stored in a freezer at -5 C 
for one year until the bioassay was conducted. 
A dose-response curve was developed for each soil and herbicide and used to 
estimate the residue level in soil from field samples. Soil samples were collected from 
each experimental sites before imposing the herbicide treatments. These samples were 
air dried, ground, mixed, and screened through a 2-mm sieve. A subsample 500 g was 
used for the dose-response curve. A greenhouse hood-sprayer calibrated to deliver 170 
L/ha at 30 psi was used to apply the desired amount of the herbicide to the soil. Thus, the 
herbicide was uniformly distributed on the soil. The soil then was transferred to a plastic 
bag and thoroughly mixed. 
Concentrations of 0.0, 0.85, 2.7, 5.0, 8.5, 13.7, 16.9 ppb in dry soil were prepared 
for procarbazone-sodium, 0.0, 0.7, 2.7, 3.4, 5, and 6.8 ppb of triasulfuron, and 0.0, 2.4, 
3.4, 6.8, 10.2, and 13.5 ppb of sulfosulfuron. The highest concentration corresponds to 
the applied rate of 0.044 kg/ha procarbazone-sodium, 0.018 kg/ha triasulfuron, 0.036 
kg/ha sulfosulfuron. 
Corn Root Bioassay 
A corn root bioassay was conducted twice for each herbicide rate and soil for 
Corvallis and Pendleton sites. The experimental design for each dose was a randomized 
complete block design with four replications. The corn root bioassay was conducted 34 
similarly to that described by Sunderland et al (1991). A strip (2.5 cm wide by 14 cm 
long) of a paper towel was placed along the bottom of a plastic Petri dish (10 cm 
diameter by 2.5 cm height), and one end of the strip (4 cm ) was allowed to contact a 
water source that was provided in the lid of the Petri dish. Each Petri dish was filled with 
a 110 g dry soil, and the soil was gently tamped down by the lid until the lid was firmly 
in place, then the lid was removed. The lid was placed next to the dish and filled with 
water so that the strip of the paper toweling could be placed into the water. After 90% of 
the distance across the Petri dish was wet, the paper strip was cut. A line was drawn 
across the soil surface approximately 2.5 cm from the top. Five corn seeds, which had 
been germinated in the dark for 48 h at 26 C, were placed on the soil surface with the 
radical tip of each seed placed on the line. The lid was replaced, and the dish was placed 
in a dark chamber for 24 h at 30 C. The dish was placed face-down at a 45 angle so that 
the roots grew along the soil surface. 
After the 24 h incubation, the root length along the surface of the soil was 
measured beginning at the drawn line. The average of the four longest roots from each 
dish was taken for each herbicide concentration. The growth response of the corn root to 
each herbicide (procarbazone-sodium, triasulfuron, and sulfosulfuron) in the Woodburn 
and Walla Walla soils was similar (Appendix Figures A.1, A.2, and A.3). The analysis of 
homogeneity of variance between Corvallis and Pendleton data was conducted by taking 
the ratio of error mean squares obtained from analysis of the variance of each data set and 
tested using the following equation (Gomez and Gomez, 1984): 
F = larger error mean square/smaller error square  Eq. (1) 35 
Homogeneity of variance between the two sites was obtained when the calculated 
F (Fe) ) was less or equal to tabular F (Fr) ) at p < 0.05. The results of the homogeneity of 
variance analysis are presented in Table 3.2. The interaction of the soil types (Woodburn 
and Walla Walla) and the herbicide doses (independent variable) was tested. The mean 
square error (MSE) and the significance test of the parameter at p s 0.05 showed no 
significant effect on the root response due to soil types to herbicide doses (Table 3.2) 
Table 3.2. Parameters for homogeneity of variance and soil-dose interaction. 
Herbicide  Fc  Ft  Soil Type Effect  Soil-Dose Interaction 
MSE  p-value  MSE  p-value 
Procarbazone-sodium  1.146  2.6  0.004  0.85  0.1  0.54 
Triasulfuron  1.219  2.4  0.00001  0.99  0.001  0.99 
Sulfosulfuron  1.025  2.4  0.04  0.30  0.003  0.99 
The response of the roots to each herbicide was similar and homogeneous in both 
soils, Woodburn and Walla Walla (Table 3.2). Therefore, the data were combined, and 
the response of the root length to each herbicide (procarbazone-sodium, triasulfuron, 
sulfosulfuron) was calculated as a percentage of the control treatment and fitted by a 
regression model where Y is the root length as % of control, X is herbicide dose (ppb) 
(procarbazone-sodium Model [1], triasulfuron Model [2], and sulfosulfuron Model [3]): 
Y = 100.6  17.3*(X)1/2  r2 = 0.98  Model [1] 
Y = 14.5 + 84.1*(1+X)-1  r2 = 0.99  Model [2] 
2  r,, Y = 20.4 +79.6*(1+X)-1  r =0.vv  Model [3] 36 
The standard dose-response curves are presented in Figures 3.3, 3.4, and 3.5 for 
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Figure 3.5. Corn root bioassay dose-response curve for sulfosulfuron. 
A similar bioassay procedure was conducted on the collected soil samples. The 
root length response to each herbicide treatment was measured as the percentage of the 
root length response to the control treatment. The dose-response models (Models [1], [2], 
and [3]) were used to estimate the concentration (ppb) in the collected field samples. 
Herbicide Estimation 
The estimated data of the procarbazone-sodium residues in the soil (ppb) were 
plotted as a % of the initial detected level of the herbicides at time 0 DAA and were fitted 
by a regression model ( Model [4]). 
% Dose = A - B*(DAA)ia  Model [4] 
Where DAA= days after application; % Dose = herbicide concentration level as a % of 
the initial level at time 0 DAA; A= the estimated initial level (ppb); and B= rate of the 
decrease in dose over time. 38 
Standard diagnostic checking (Ott, 1993) of the model's residual did not reveal 
any gross violations of the assumptions underlying normal linear regression. 
The half-life (tin) time of each herbicide was measured by plotting the detected 
doses against time (DAA) for each replication. Then a horizon line was drown from the 
dose axis at 50 % of the initial concentration and the intersection with the plotted curve 
determined the tin. The t112 data were subject to analysis of variance and mean separation 
test for least significant difference (LSD). 
Leaching Study 
A thick layer technique (Weber and Peeper, 1977) was used to detect herbicide 
mobility in the soil. A shallow tray, 2 by 10 by 30 cm was filled with dry soil (500 g) 
and placed in a horizontal position. A soil treated with procarbazone-sodium (36 ppb), 
triasulfuron (36 ppb), or sulfosulfuron (36 ppb) was placed 2.5 cm from one end of the 
tray and connected to a water source by a strip of paper towel (3 cm wide by 15 cm long). 
Only 1.5 cm of the strip was placed in the treated soil and the rest was placed in the water 
source. After water diffused across the tray, and before it reached 2.5 cm from the other 
end, the paper towel was cut. After the moisture reached the other end, a line was drawn 
along on 30 cm edge of the tray, and 25 germinated corn seeds were placed on the line. 
The tray was covered and placed face-down at an angle of 45 degree in a dark growth 
chamber for 24 h at 30 C. Root length was measured, and the herbicide movement was 
detected by comparing root growth to the root growth of the control. The study was 
repeated for each herbicide for the Woodburn and Walla Walla soils. 39 
Results and Discussion 
The residue levels over time after a single application of procarbazone-sodium at 
three rates to winter wheat are presented in Figures 3.6, 3.7, and 3.8. Linear regression 
analysis of procarbazone-sodium residues in the soil against the square root of the time 
(DAA) (Table 3.3) gave half-life values similar to the observed value (Table 3.4) except 
the predicted half-life of the lowest rate in CV-1 was 6 d more than the observed value. 
Table 3.3. Linear regression model of soil dissipation of procarbazone-sodium 
and estimated half-life. 
Site  Estimated  Parameter  Estimated
 
Procarbazone- Parameter  SE  Half-life
 





(0.022 kg ai/ha)	  95.7  -5.7  6.6  0.58  64 
(0.044 kg ai/ha)  102  -5.7  4.6  0.39  83 




(0.022 kg ai/ha)  98.8  -6.1  9.16  0.79  64 
(0.044 kg ai/ha)  105  -6.3  7.8  0.68  76 




(0.022 kg ai/ha)  86.1  -5.5  9.2  0.80  43 
(0.044 kg ai/ha)  92.5  -5.7  7.2  0.63  53 
(0.089 kg ai/ha)  94  -5.7  8.2  0.72  59 40 
Table 3.4. Observed dissipation half-life of herbicide treatments among sites. 
Site  Procarbazone-sodium  Triasulfuron  Sulfosulfuron 
0.022  0.044  0.089  0.018  0.036 
kg ai/ha  kg ai/ha  kg ai/ha 
(days)  (days)  (days)  (days)  (days) 
CV-I  58a*  86a  89a  29b  30a 
CV-D  64a  75a  76a  36b  48a 
Pend-D  44b  49b  55b  73a  51a 
LSD,  12  23  14  29  23 
*The same letter within a column denotes no significant difference at p_0.05. 
Soil dissipation of the lowest rate (0.022 kg/ha) was faster in the Walla Walla soil 
than in the Woodburn soil (Figure 3.6). The dissipation patterns of the other rates, 0.044 
and 0.089 kg/ha, behaved similarly (Figures 3.7 and 3.8, respectively). 
Days After Application 
Figure 3.6. Soil dissipation of 0.022 kg ai/ha procarbazone-sodium. 41 













Figure 3.8. Soil dissipation of 0.089 kg ai/ha procarbazone-sodium. 
Dissipation of procarbazone-sodium at the lowest rate (0.022 kg/ha) varied among 
study sites. The percentage of the initial detected dose 180 DAA was significantly higher 
in CV-I compared to both CV-D and Pend-D (Table 3.5). 42 
Table 3.5. Residue levels as % of the initial detected dose 180 DAA. 
Site  Procarbazone-sodium  Triasulfuron  Sulfosulfuron 
0.022	  0.044  0.089  0.018  0.036 
kg ai /ha  kg ai /ha  kg ai /ha 
(ppb)  (ppb)  (ppb)  (ppb)  (ppb) 
CV-I  7.4a*  14.4a  30.7a  4.5a  6.9a 
CV-D  3.0b  3.0b  4.7b  0.0a  10.6a 
Pend-D  2.6b  3.1b  0.05b  5.6a  2.0b 
LSD,o,  4.6  6.3  10.3  9.9  5.5 
*The same letter within a column denotes no significant difference at p0.05. 
The half-life of procarbazone-sodium at the rates of 0.044 and 0.089 kg/ha was 
not significantly different within a site (Table 3.6). 
Table 3.6. Dissipation half-life, in days, of herbicides within a site. 
Site	  Procarbazone-sodium  Triasulfuron  Sulfosulfuron  LSD, 
0.022  0.044  0.089  0.018  0.036 
kg ai /ha  kg ai /ha  kg ai /ha 
(days)  (days)  (days)  (days)  (days) 
CV-I  58b*  86a  89a  29c  30c  17 
CV-D  64b  75a  76a  36d  48c  11 
Pend-D  44b  49b  55ab  73b  51a  20 
*The same letter within a row denotes no significant difference at p.0.05. 43 
The half-life of procarbazone-sodium at the rates of 0.044 and 0.089 kg/ha in 
the Woodburn soils (CV-I and CV-D) was not significantly different at p  0.05 and was 
longer than it was in Woodburn soil (Table 3.4). This may be attributed to different 
environmental conditions between the two sites. The expected effects of environmental 
conditions on sulfonylurea herbicides were observed in our study. Triasulfuron was 
found to persist longer in the Walla Walla soil (Figure 3.9) that received lower rain fall 
and had lower soil temperature versus the Woodburn soil (Table 3.4). The half-life of 
triasulfuron in the Woodburn soil was significantly shorter than it was in the Walla Walla 
soil (p < 0.05) (Table 3.4). With increasing soil % OM, triasulfuron injury to beets 
decreased due to substantial adsorption of triasulfuron (Iwanzik and Egli, 1989). The 
half-life of triasulfuron in soil samples from different depths (0-20, 20-40, 40-60 cm) 
increased as soil depth increased due to increasing soil pH from 6.5 to 6.8 to 7 and 
decreasing % OM from 4.01 to 3.03 to 2.17 (Sarmah et al, 1998). The dissipation of 
sulfosulfuron (Figure 3.10) showed that the detected residue level 180 DAA was 
significantly lower in the Walla Walla soil that became warmer between June and 
August, 1997 (Figure 3.1) compared to the Woodburn soil (Table 3.5). Sulfonylurea 
herbicide persistence decreases as soil water content and temperature increases (Sarmah 
et al, 1998). 100 
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Figure 3.10. Soil dissipation of 0.036 kg ai/ha sulfosulfuron. 45 
The results with procarbazone-sodium were not the same as the sulfonylurea 
herbicides. Although the the Woodburn soil had higher temperature and more rainfall 
than the Walla Walla soil (Figures 3.1, and 3.2), procarbazone-sodium was found to 
persist longer in the Woodburn soil. Another sulfonamide herbicide, fumetsulam [N-(2, 
6-difluoropheny1)-5-methyl-[1,2,4]-triazolo[1,5a]pyrimidine-2-sulfonamide] with a pKa 
value of 4.6 was found to be more strongly adsorbed and persisted longer in the soil as 
the soil pH decreased from 7.1 to 5.9 (Fontaine, et al, 1991). This was attributed to the 
large proportion of the neutral form versus the anion forms as soil pH decreased which 
lead to more soil adsorption as % OM increased from 2.2 to 4.2. One possibility that may 
explain the longer persistence of procarbazone-sodium in the Woodburn soil compared to 
the Walla Walla soil, was that the lower soil pH in the Walla Walla soil (Table 3.1) may 
have caused a more rapid dissipation of procarbazone-sodium. Soil dissipation of 
procarbazone-sodium increases as soil pH decreases (Hans Santel, personal 
communication, 1998). Another possible explanation could be that the higher % OM in 
the Woodburn soil caused more exchange adsorption surfaces for the procarbazone­
sodium, which led to a decreased rate of microbial degradation of the herbicide. 
Despite different farming practices, the initial soil dissipation of procarbazone­
sodium was not different between CV-I and CV-D (Table 3.4). While wheat was allowed 
to grow until harvest in CV-D, it was killed in CV-I by glyphosate 20 d after applying 
procarbazone-sodium. The soil in CV-I was then rototilled to a depth of 8- to 10-cm and 
planted to rotational crops 80 DAA. Allowing the wheat to grow in CV-D and Pend-D 
may have affected the dissipation of procarbazone-sodium because more was absorbed 46 
via plant uptake and may have reduced the detected residue levels in CV-D and Pend-D 
compared to CV-I 180 DAA (Table 3.5). 
In both Corvallis sites, all three rates of procarbazone-sodium, the half rate (0.022 
kg/ha), the suggested recommended rate (0.044 kg/ha), and the double rate (0.089 kg/ha) 
had a longer half-life compared to the recommended rate of triasulfuron (0.018 kg/ha) 
and the recommended rate of sulfosulfuron (0.036 kg/ha) (Table 3.6). In Pend-D, the 
half-lives of the three rates of procarbazone-sodium were not significantly different from 
sulfosulfuron (p < 0.05). The half-lives of the two lower rate of procarbazone-sodium 
were significantly shorter than triasulfuron half-life while the highest rate, 0.089 kg ai/ha, 
was not different. 
Triasulfuron water solubility (815 mg/L) (Ahrens, 1994) is 50 % lower than 
sulfosulfuron (1626.8 mg/L) (Hatzios, 1998) at soil pH 7. The mobility study showed 
that triasulfuron (Figure 3.11) is less soil mobile compared to sulfosulfuron (Figure 3.12) 
and procarbazone-sodium (Figure 3.13). Sulfosulfuron exhibited similar soil mobility to 
procarbazone-sodium. Since procarbazone-sodium persists longer or similarly to 
triasulfuron or sulfosulfuron which have lower or similar soil mobility, soil mobility of 
procarbazone-sodium dose not explain the persistence of procarbazone-sodium compared 
to the reference herbicides. Because triasulfuron, sulfosulfuron and procarbazone­
sodium were shown to leach below 10-cm (Figures 3.11, 3.12, and 3.13), shallow 
rototilling may have no impact on soil dissipation of these herbicides. 49 
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CHAPTER 4
 
GENERAL SUMMARY AND CONCLUSIONS 
Procarbazone-sodium is a soil active, post-emergence herbicide for use in winter 
wheat. In our study, procarbazone-sodium residues in different Oregon soils were found 
to injure some of the rotational crops, planted 3, 12, or 16 months after application, under 
different agronomic practices (Chapter 2). Procarbazone-sodium residues reduced the 
biomass and the yield of sweet corn and canola, and the biomass of sugar beet seeded 3 
months after application. Twelve months after the application, the residue levels of 
procarbazone-sodium were not detectable by a corn root bioassay (Chapter 3). However, 
sensitive crops, such as sweet corn seeded 16 months after the application in the irrigated 
Woodburn soil and spring oat seeded 13 months after the application in the Walla Walla 
soil were injured by procarbazone-sodium residues of the 0.089 kg/ha rate. 
Herbicide persistence in soil is measured as the time it takes for half of the initial 
dose to disappear. Procarbazone-sodium dissipation studies (Chapter 3) showed that the 
half-life for the 0.044 and 0.089 kg/ha rates was not significantly different within a study 
site. For unknown reasons, procarbazone-sodium persisted longer in the Woodburn soil 
compared to the Walla Walla soil. half-lives of 86- and 89-d in CV-I and 75- and 76-d in 
CV-D compared to the Walla Walla soil where the half-lives were 49- and 55-d for the 
0.044 and 0.089 kg/ha rates, respectively. The half-life of the 0.022 kg/ha rate in the 
Woodburn soil was 58 d in CV-I and 64 d in CV-D and was 44 d in The Walla Walla 
soil. In the Walla Walla soil, the half-life of the 0.022 kg/ha rate was not significantly 
different from the other rates. 52 
The lower soil pH and % OM in the Walla Walla soil versus the Woodburn soil 
may be possible reasons that caused a more rapid dissipation of procarbazone-sodium. 
This might be due to less adsorption under lower % OM and more microbial degradation 
in the lower soil pH. Procarbazone-sodium was detected at a higher amount at 180 days 
after application in the irrigated Woodburn soil compared to non-irrigated Woodburn and 
Walla Walla soils. This may be attributed to procarbazone-sodium uptake by wheat that 
may have caused more herbicide removal from the soil during the growing season in CV­
D and Pend-D while wheat was killed 20 d after application in CV-I. 
The physical and chemical properties of procarbazone-sodium are essential in 
designing and studying the environmental behavior of this herbicide. Upon the release of 
these properties by the manufacturer of this herbicide, Bayer Corporation, more studies 
will be necessary to determine and to understand how soil environmental factors can 
effect its persistence in soils. How soil pH, % OM, temperature and moisture effect 
procarbazone-sodium's sorption/desorption and its distribution among soil compartments 
need to be understood. Our study showed that soil pH and soil OM may be important 
factors that determine the availability of procarbazone-sodium to microbial degradation. 
Research is needed to identify factors that affect the behavior of the soil residual of 
procarbazone-sodium in order to reduce the interval for rotational crops. 53 
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Appendix Table A.1. Crop seedling dry weight (CV-I). 
kg ai/ha Rep  3MAA* 16MAA  3MAA I6MAA  3MAA 16MAA  3MAA 16MAA 
Procarbazone-sodium  gm  gm  gm  gm  gm  gm  gm  gm 
0  1  canola  233  160.7  s. beet  64  80.8  bean  170  32  corn  24  62.2 
0  2  canola  179  197.3  s. beet  39  25.7  bean  132.5  22.6  corn  24.9  68.6 
0  3  canola  196.1  172.6  s. beet  57  50.7  bean  198.5  59.2  corn  14.1  59.5 
0  4  canola  263.5  149.7  s. beet  77  40.2  bean  33.5  46.7  corn  22.2  48.7 
0.02  1  canola  140.7  139.3  s. beet  48.5  66.1  bean  142  28.7  corn  5.9  21 
0.02  2  canola  168.3  136  s. beet  39.5  19.4  bean  145  23.8  corn  10.1  56.3 
0.02  3  canola  183  136  s. beet  61  38.8  bean  130.5  15.7  corn  6  54.6 
0.02  4  canola  193.1  195.5  s. beet  37  64.5  bean  45  74.6  corn  3.8  59.1 
0.04  1  canola  42.8  87.7  s. beet  19.5  33.8  bean  156  46.9  corn  0.3  35.6 
0.04  2  canola  78  65.2  s. beet  33.5  25.3  bean  126  23.7  corn  3.2  49.2 
0.04  3  canola  39.6  223.1  s. beet  34.1  34.4  bean  187  43.6  corn  2.9  38 
0.04  4  canola  82.5  196.8  s. beet  24.5  29.3  bean  38.8  57.5  corn  3.2  40.8 
0.08  1  canola  3.8  123.4  s. beet  3.2  25.3  bean  139  33.3  corn  0.08  12.7 
0.08  2  canola  2.5  207.1  s. beet  13.1  80.3  bean  74  53.5  corn  0.2  22.7 
0.08  3  canola  4.1  136  s. beet  17.1  23.1  bean  151  22.6  corn  0.2  15.9 
0.08  4  canola  9.5  200  s. beet  12.5  25.3  bean  33.5  56.6  corn  0.7  13.9 
Triasulfuron 
0.016  1  canola  194  138.9  s. beet  8.8  49.1  bean  143  25.1  corn  4  47 
0.016  2  canola  85  126.7  s. beet  13.8  28.8  bean  99.5  44.8  corn  8.1  52 
0.016  3  canola  127  219.6  s. beet  8.8  32.8  bean  114  72.2  corn  3.9  39.5 
0.016  4  canola  102.5  113.2  s. beet  4.5  13.7  bean  29.2  47.7  corn  4  46.9 
Sulfosulfuron 
0.032  1  canola  84  118.3  s. beet  17.9  53.4  bean  131  62  corn  4  18 
0.032  2  canola  112  187.5  s. beet  10.4  3.3  bean  133.5  66.5  corn  0.3  23.3 
0.032  3  canola  186  168.4  s. beet  12.5  23  bean  132  36.7  corn  4  37.1 
0.032  4  canola  200.7  229.7  s. beet  9.2  3.5  bean  28.8  28  corn  2.1  19.4 
*3MAA and 16MAA = 3 and 16 month after application. 58 
Appendix Table A.2. Crop seedling dry weight (CV-D) 
kg ai/ha  Rep  gm  gm  gm  gm  gm 
Procarbazone-sodium 
0  1  canola  473  barley  536  pea  291  oat  549  alfalfa  73 
0  2  canola  426  barley  667  pea  183  oat  483  alfalfa  15 
0  3  canola  298  barley  450  pea  211  oat  590  alfalfa  24 
0  4  canola  262  barley  478  pea  183  oat  872  alfalfa  30 
0.02  1  canola  355  barley  333  pea  283  oat  531  alfalfa  44 
0.02  2  canola  232  barley  665  pea  249  oat  646  alfalfa  38 
0.02  3  canola  362  barley  490  pea  179  oat  851  alfalfa  45 
0.02  4  canola  258  barley  621  pea  162  oat  703  alfalfa  51 
0.04  1  canola  243  barley  578  pea  184  oat  654  alfalfa  91 
0.04  2  canola  331  barley  725  pea  241  oat  500  alfalfa  25 
0.04  3  canola  281  barley  556  pea  209  oat  660  alfalfa  78 
0.04  4  canola  316  barley  517  pea  220  oat  556  alfalfa  56 
0.08  1  canola  356  barley  715  pea  195  oat  596  alfalfa  52 
0.08  2  canola  325  barley  725  pea  175  oat  490  alfalfa  63 
0.08  3  canola  315  barley  660  pea  181  oat  787  alfalfa  35 
0.08  4  canola  246  barley  370  pea  166  oat  632  alfalfa  71 
Triasulfuron 
0.016  1  canola  345  barley  513  pea  248  oat  603  alfalfa  66 
0.016  2  canola  419  barley  815  pea  210  oat  632  alfalfa  85 
0.016  3  canola  279  barley  514  pea  195  oat  753  alfalfa  58 
0.016  4  canola  429  barley  605  pea  174  oat  679  alfalfa  92 
Sulfosulfuron 
0.032  1  canola  298  barley  495  pea  258  oat  536  alfalfa  26 
0.032  2  canola  359  barley  802  pea  195  oat  542  alfalfa  30 
0.032  3  canola  284  barley  608  pea  211  oat  602  alfalfa  56 
0.032  4  canola  351  barley  561  pea  181  oat  750  alfalfa  36 59 
Appendix Table A.3. Crop seedling dry weight (Pend-D) 
kg ai/ha  Rep  gm  gm  gm  gm  gm 
Procarbazone-sodium 
0  1  pea  439  barley  674  lentil  196  oat  549  canola  316 
0  2  pea  344  barley  582  lentil  164  oat  555  canola  169 
0  3  pea  477  barley  539  lentil  178  oat  588  canola  295 
0  4  pea  457  barley  574  lentil  159  oat  591  canola  233 
0.02  1  pea  376  barley  738  lentil  156  oat  606  canola  525 
0.02  2  pea  417  barley  732  lentil  326  oat  587  canola  238 
0.02  3  pea  394  barley  547  lentil  129  oat  551  canola  42 
0.02  4  pea  422  barley  530  lentil  125  oat  498  canola  220 
0.04  1  pea  342  barley  628  lentil  214  oat  476  canola  515 
0.04  2  pea  316  barley  673  lentil  163  oat  578  canola  101 
0.04  3  pea  420  barley  554  lentil  200  oat  533  canola  137 
0.04  4  pea  386  barley  495  lentil  146  oat  530  canola  230 
0.08  1  pea  318  barley  575  lentil  135  oat  456  canola  424 
0.08  2  pea  483  barley  707  lentil  153  oat  343  canola  186 
0.08  3  pea  368  barley  543  lentil  123  oat  315  canola  232 
0.08  4  pea  363  barley  494  lentil  115  oat  345  canola  212 
Triasulfuron 
0.016  1  pea  439  barley  607  lentil  167  oat  559  canola  286 
0.016  2  pea  341  barley  840  lentil  137  oat  634  canola  129 
0.016  3  pea  405  barley  589  lentil  96  oat  532  canola  212 
0.016  4  pea  310  barley  492  lentil  102  oat  629  canola  189 
Sulfosulfuron 
0.032  1  pea  413  barley  671  lentil  219  oat  558  canola  545 
0.032  2  pea  403  barley  562  lentil  211  oat  615  canola  275 
0.032  3  pea  330  barley  551  lentil  174  oat  565  canola  134 
0.032  4  pea  458  barley  447  lentil  140  oat  578  canola  246 60 
Appendix Table A.4. Crop yield (CV-I) 
kg ai/ha Rep  3MAA* 16MAA  3MAA I6MAA  3MAA 16MAA  3MAA 16MAA 
Procarbazone-sodium  gm  gm  gm  Gm  gm  gm  gm  gm 
0  1  canola  506  296  s. beet  12.75  7909  bean  5967  3088  corn  9852  13311 
0  2  canola  596  131  s. beet  9.05  4678  bean  6038  4754  corn  13300  15745 
0  3  canola  508  242  s. beet  9.63  6930  bean  6134  5099  corn  15000  14752 
0  4  canola  456  315  s. beet  9.75  7034  bean  5403  3725  corn  11100  15460 
1 0.02  canola  528  272  s. beet  10.5  6242  bean  6101  4006  corn  820  11812
 
0.02  2  canola  486  146  s. beet  9.2  3541  bean  7335  5461  corn  7100  10658
 
0.02  3  canola  445  218  s. beet  9.5  6591  bean  5771  3773  corn  3450  15047
 
0.02  4  canola  499  302  s. beet  8.25  8012  bean  5321  3722  corn  4550  14245
 
0.04  1  canola  247  182  s. beet  13.3  3274  bean  6250  3976  corn  50  9444
 
0.04  2  canola  310  152  s. beet  9.55  5321  bean  6114  5611  corn  600  12447
 
0.04  3  canola  234  182  s. beet  8.9  7576  bean  6735  3888  corn  1080  13738
 
0.04  4  canola  144  238  s. beet  8.8  6577  bean  5321  3704  corn  1250  12863
 
0.08  1  canola  10  139  s. beet  11  5509  bean  6288  4540  corn  0  5908
 
0.08  2  canola  16  156  s. beet  7.5  5617  bean  5863  4536  corn  0  6021
 
0.08  3  canola  0  265  s. beet  7.75  7190  bean  5189  3560  corn  0  4562
 




0.016  1  canola  472  264  s. beet  4.55  8873  bean  4527  3083  corn  2460  10903
 
0.016  2  canola  450  219  s. beet  6.9  7158  bean  3420  5195  corn  10100  14065
 
0.016  3  canola  411  182  s. beet  3.4  9746  bean  4524  4904  corn  2870  12324
 




0.032  1  canola  546  210  s. beet  4.5  7487  bean  6973  5235  corn  200  8455
 
0.032  2  canola  513  156  s. beet  3.5  1420  bean  7064  5419  corn  150  10658
 
0.032  3  canola  623  229  s. beet  3.2  4168  bean  6092  3855  corn  870  15940
 
0.032  4  canola  651  275  s. beet  3.5  1684  bean  4639  3823  corn  50  9224
 
*3MAA and 16MAA = 3 and 16 month after application. 61 
Appendix Table A.5. Crop yield (CV-D). 
kg ai/ha Rep  gm  gm  gm  gm  gm 
Procarbazone-sodium 
0  1  canola  3.3  barley  12.8  pea  2.8  oat  9.6  alfalfa  214 
0  2  canola  4.4  barley  13.9  pea  1  oat  12.8  alfalfa  148 
0  3  canola  4.2  barley  14.6  pea  2.9  oat  12.8  alfalfa  206 
0  4  canola  4.7  barley  12.8  pea  2.3  oat  12  alfalfa  217 
0.02  1  canola  4.1  barley  13.8  pea  2.5  oat  10.7  alfalfa  180 
0.02  2  canola  4.5  barley  14.6  pea  2.1  oat  12.6  alfalfa  160 
0.02  3  canola  4.7  barley  15.3  pea  2.7  oat  12.1  alfalfa  250 
0.02  4  canola  5  barley  13.9  pea  2.8  oat  13.2  alfalfa  286 
0.04  1  canola  4.6  barley  15.2  pea  3.4  oat  10.8  alfalfa  401 
0.04  2  canola  4.2  barley  14.3  pea  2.7  oat  12.3  alfalfa  152 
0.04  3  canola  4.5  barley  15.6  pea  2.6  oat  12.8  alfalfa  237 
0.04  4  canola  4.8  barley  13.1  pea  2.9  oat  10.2  alfalfa  329 
0.08  1  canola  4.5  barley  15  pea  2.6  oat  8.6  alfalfa  253 
0.08  2  canola  4.5  barley  15.2  pea  2.3  oat  12.8  alfalfa  323 
0.08  3  canola  4.7  barley  14.4  pea  3.4  oat  12.8  alfalfa  243 
0.08  4  canola  4.4  barley  13.5  pea  2.3  oat  9.5  alfalfa  397 
Triasulfuron 
0.016  1  canola  4.1  barley  14  pea  2.3  oat  10.6  alfalfa  317 
0.016  2  canola  4.8  barley  14.8  pea  3.2  oat  13.5  alfalfa  443 
0.016  3  canola  3.6  barley  13.8  pea  2  oat  9.9  alfalfa  269 
0.016  4  canola  4.9  barley  14.8  pea  2.9  oat  13.9  alfalfa  262 
Sulfosulfuron 
0.032  1  canola  4.2  barley  14  pea  2.2  oat  10.6  alfalfa  150 
0.032  2  canola  4  barley  13.9  pea  2.8  oat  12.3  alfalfa  200 
0.032  3  canola  3.8  barley  14.8  pea  2.7  oat  13.2  alfalfa  184 
0.032  4  canola  5  barley  13.4  pea  2.9  oat  12.9  alfalfa  272 62 
Appendix Table A.6. Crop yield (Pend-D). 
kg ai/ha  Rep  gm  gm  gm  gm  gm 
Procarbazone-sodium 
0  1  pea  1042  lentil  605  barley  2852  oat  2873  canola  118 
0  2  pea  1005  lentil  742  barley  3224  oat  2159  canola  155 
0  3  pea  1127  lentil  923  barley  3142  oat  2871  canola  206 
0  4  pea  1293  lentil  1122  barley  3721  oat  3149  canola  114 
0.02  1  pea  985  lentil  318  barley  2579  oat  2346  canola  339 
0.02  2  pea  1513  lentil  1076  barley  2855  oat  3178  canola  99 
0.02  3  pea  1157  lentil  551  barley  2409  oat  2375  canola  232 
0.02  4  pea  1290  lentil  905  barley  3315  oat  2529  canola  258 
0.04  1  pea  703  lentil  475  barley  2935  oat  1671  canola  274 
0.04  2  pea  1275  lentil  588  barley  3173  oat  2396  canola  85 
0.04  3  pea  1278  lentil  835  barley  2937  oat  2072  canola  93 
0.04  4  pea  1259  lentil  775  barley  3375  oat  2371  canola  191 
0.08  1  pea  1256  lentil  553  barley  2668  oat  1438  canola  126 
0.08  2  pea  1012  lentil  668  barley  2487  oat  1492  canola  71 
0.08  3  pea  1201  lentil  603  barley  2706  oat  1435  canola  171 
0.08  4  pea  1380  lentil  780  barley  3421  oat  1533  canola  222 
Triasulfuron 
0.016  1  pea  1111  lentil  610  barley  2647  oat  2244  canola  125 
0.016  2  pea  1194  lentil  609  barley  2610  oat  2812  canola  112 
0.016  3  pea  1267  lentil  332  barley  3511  oat  2963  canola  254 
0.016  4  pea  1129  lentil  397  barley  2858  oat  2442  canola  175 
Sulfosulfuron 
0.032  1  pea  744  lentil  359  barley  2241  oat  2440  canola  141 
0.032  2  pea  1259  lentil  937  barley  2951  oat  3017  canola  116 
0.032  3  pea  1230  lentil  975  barley  2900  oat  2645  canola  168 
0.032  4  pea  1210  lentil  625  barley  2863  oat  2818  canola  246 